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Abstract 
 
The current socio-economic conditions of social housing neighborhoods in Portugal, where people generally don´t have heating or 
cooling habits, determines the adoption of passive retrofitting strategies. 
A social housing neighborhood in Porto, Portugal, named “Bairro de Lordelo”, with 4 blocks, 179 dwellings and more than 400 
inhabitants was recently retrofitted. The retrofitting investment was strictly limited to a maximum value per dwelling and involved 
the inclusion of thermal insulation in roofs, replacement of windows, and renovation of the ventilation systems. It´s main goal 
was to increase thermal comfort, in a context of inexistence of any heating or cooling systems installed. 
An indoor climate measurement program was developed for the months of July, August and September of 2012, and the months 
of December 2012, January and February 2013, in order to evaluate, respectively, summer and winter thermal comfort of the 
dwellings. The experimental measurements were carried out in 24 dwellings – 4 of the dwellings were measured during the 3 
months and the other 20 in periods of 2 and 3 weeks-. 
The study is focused on the importance of the variability of the vertical and horizontal alignment of an apartment and its occupation, 
for a certain measurement period, on the indoor air temperature and in the thermal comfort of the occupants, according to 
adaptive models presented in EN15251 and using some descriptive statistics. As a final result it is expected that its influence can 
be up to 4ºC on the indoor air temperature. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 
The aim of this paper is to study both the summer and winter thermal comfort of a retrofitted social neighborhood 
in Porto, Portugal, and evaluate the variability of indoor temperature in a set of similar dwellings [1,2] 
To assess indoor air temperature and relative humidity of the several rooms, a monitoring campaign was carried 
out for the summer months of 2012 and winter months of 2012 and 2013. Data loggers were installed in a set of 24 
occupied dwellings to collect data every 10 minutes. The instrumented rooms (living rooms and bedrooms) were 
measured in operation conditions, with the residents doing the regular activities in their houses. 
The study of thermal comfort of the dwellings is set using an adaptive analysis presented in EN15251:2007 [3, 4, 
5]. This approach is valid for the analyzed dwellings, since they don´t have mechanical cooling systems in operation, 
and the thermal conditions in the rooms are regulated by the occupants through opening and closing of windows. 
There have been some similar studies regarding the study of the variability on indoor air temperature in situ 
measurements: from Sept. 2009 to March 2011, Kalamees et al. [6], measured in one-hour intervals over one-year 
period in bedrooms, the indoor air temperature and relative humidity in 41 apartments in 29 apartment buildings in 
Estonia. The average indoor temperature during summer, from all measured houses was +24.6ºC (hourly values 
varied between +14.6ºC and +34.1ºC and standard deviation was 2.6ºC), and during winter varies from +20ºC (at 
Tout-25ºC) to +22ºC (at Tout+15ºC). According to Sung-Hyon H. [7], 3 to 4 week fuel consumption and temperature 
data were collected from some 1500 dwellings, over two successive winters in 2001/2002 an 2002/2003, under the 
government-funded British project named Warm Front. The results show that the Warm Front Scheme resulted in a 
mean increase of 1.6ºC in indoor temperature. 
There are, however, few studies of the variability on indoor air temperature in climates with warm summers and 
mild winters, with particular focus on residential multi storey buildings in which the dwellings have very similar 
characteristics. 
 
2. Case Study 
 
The selected case study is a social housing neighborhood located in Porto, Portugal, that is part of a large social 
housing retrofitting program that is being conducted by local authorities. The program involves the intervention in a 
considerable number of social housing neighborhoods, in order to improve the quality of life of 35.000 persons 
living in 13.000 houses, owned by the city. 
The neighborhood was originally built in 1978. It consists in 4 multi-storey housing blocks, with a total of 179 
dwellings with typologies that vary from T1 to T5, in which live about 450 inhabitants. The retrofitting works were 
concluded in 2011 [1]. The buildings were subjected to an envelope retrofitting (façades, roofs and windows) that 
could preserve the original appearance of the façade, and at the same time could increase the building´s energy 
efficiency and the thermal comfort of the residents. 
The original solution before retrofitting included cavity walls without thermal insulation, pitched roofs covered 
with asbestos plaques without thermal insulation, and windows in wood frame with single glazing (the solar factor is 
0.85). After retrofitting, the façade walls were kept cavity walls without thermal insulation (U-value=1.3 W/m2ºC); 
pitched roofs were covered with insulated aluminum panel sandwiches and insulated at the ceiling level with 80 mm 
of MW (U-value=0.45 W/m2ºC). The windows were replaced by aluminum frames with double glazing (U- value=2.8 
W/m2ºC) [1]. Collective residential mechanical ventilation fans were applied in the kitchens, Bathrooms were 
equipped with extractor’s fans operated manually by the user, and self-regulating air vents were applied in the roller 
blind boxes of living rooms and bedrooms [1]. This type of dwellings, due to climate and socio-economic context, 
are not operated with continuous heating or cooling systems. 
 
3. Thermal comfort analysis 
 
The graphics presented in Figure 2 illustrate the study of thermal comfort for the 3 apartments placed in a vertical 
alignment throughout the 3 months of winter and summer measurements. The apartments are located in the same 
vertical alignment, have the same geometry, room orientation and occupation (Figure 1). 
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Fig. 1. Location of the apartments in the same vertical alignment 
 
Each point on the graphic corresponds to a experimental measurement, obtained for the period between December 
1st and February 28th for winter measurements, and between June 1st and September 30th for the summer 
measurements. 
 
 
 
Fig.2. (a) Thermal comfort according to EN15251 - Winter; (b) Thermal Comfort according to EN15251 - Summer. 
 
According to the graphics in Figure 2, the thermal comfort in the 3 apartments located in the same vertical alignment 
is quite reduced for the winter season and very high for the summer season. The fact that the percentage of 
discomfort for the summer season is very low for the 3 locations is due to the roof insulation. The upper floor 
apartment reveals a similar thermal behavior as the others. 
 
 
4. Indoor air temperature variability analysis 
 
4.1. Methodology 
 
The continuous indoor air temperature measurements, in 2 different periods of the year, of a set of 24 representative 
dwellings of a social housing neighborhood, measured with the residents doing their regular activities, provided a wide 
range of results which can be used to develop a study of the variability of the  indoor  air temperature. The measurement 
results allowed us to establish the following study of variability: 
 
x Influence of the location of the apartments in a vertical and horizontal alignment in its thermal performance, 
referred in a simplified way as “height” and “room location”, respectively, and influence of the occupation of the 
apartments in its thermal performance, referred as “occupation”; 
 
x For the “height” analysis the study is done for 3 similar apartments with the same occupation and room 
orientation, placed in a vertical alignment, over a period of 3 months, both for summer and winter conditions 
(Section 4.2). For the “room location” analysis the study is done for 3 similar apartments with the same occupation 
and height, placed in the same horizontal alignment over different periods of 2 weeks, both in summer and 
winter conditions (Section 4.3). And finally for the “occupation” analysis, the study is done for 6 
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similar apartments with the same height and orientation but different occupation over different periods of 2 
weeks, both in the summer and winter conditions (Section 4.4). 
 
4.2. Influence of the location in a vertical alignment on variability 
 
To study the influence of the location of the apartments in a vertical alignment on the indoor air temperature, it was 
selected 3 apartments measured for three months (summer and winter) and compared the results. The apartments are 
located in the same vertical alignment, have the same geometry, room orientation and occupation (Figure 1). 
 
The graphics in Figure 3 represent the curve of cumulative frequencies of variability of the parameter Ti-Tout (°C)  in 
a bedroom facing southwest for a period of 3 months, both for winter and summer measurements. By the analysis of 
the curves, it´s possible to identify a higher temperature variation for summer measurements. 
 
 
Fig. 3. (a) Percentiles Ti-Tout(ºC) - Winter; (b) Percentiles Ti-Tout(ºC) - Summer. 
 
The results presented in Figure 3 highlight the percentiles of cumulative frequency of the parameter Ti - Tout (°C), for 
the 3 apartments located in the same vertical alignment, called “Roof floor” apartment (ROOF), “Middle floor” 
apartment (MID) and “Ground floor” apartment (GRD). For the winter season, the percentile 50 (median) of the 
parameter Ti - Tout (°C) records for 3 apartments, a difference of only 0.2ºC. This difference is slightly more 
pronounced in percentiles 10 and 90, but does not exceed 0.4ºC. In the summer season the difference in percentile 
50 (median) is 1.0ºC (0.2ºC for the winter). This difference is generally maintained for the remaining percentile 
analysis results. From the analysis of the presented results it seems to exist, for the summer measurement period, a 
higher variability of Ti - Tout (°C) compared to the winter period. 
 
4.3. Influence of the location in a horizontal alignment on variability 
 
To study the influence of the location of the apartments in a horizontal alignment on the variation of indoor air 
temperature, it was selected 3 apartments measured in small periods of two weeks both for summer and winter 
season, and compared the results for the indoor air temperature measurements. The apartments are located on the 
roof floor of the building and placed in a current zone (apartment referred to be as "center") and in two opposite 
gables (apartments called "Gable NW" and "Gable SE"). The study evaluated the variability on the parameter Ti - 
Tout (°C), according to the graphics presented in Figure 4. 
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Fig. 4. (a) Percentiles Ti-Tout(ºC) - Winter; (b) Percentiles Ti-Tout(ºC) - Summer. 
 
The analysis of the results presented in Figure 4 allows the detection of a considerable dispersion in the value of the 
parameter Ti - Tout (°C). For the winter season this dispersion reaches a 2.6ºC value for the median, a value close to 
3°C to the percentile 90, and a value of 2.5ºC for the percentile 10. The study of the results shows that the effect of the 
location of the apartments in a horizontal alignment is considerable. As expected the apartment called "center", with 
smaller shape factor, is the warmest in the considered measurement period. The variation is also notorious for the 
summer season, with the percentile 50 values achieving a difference between apartments of 3.0 °C. In the other 
percentiles the difference reaches values near 5°C (4.8 ° C for the percentile 10). The study of the results for the 
summer season is in line with that recorded for the winter period; it appears that there is a pronounced effect on the 
location of the room in a horizontal alignment, on the variation of the indoor air temperature. The apartment called 
"Center", located in current zone, with smaller shape factor, is less warm during the measurement period considered 
for analysis. 
 
4.4. Influence of the occupation on variability 
 
To study the influence of the occupation on the variation of indoor air temperature, it was selected 6 apartments 
measured in small periods of two weeks both in the summer and winter season, and compared the measurement results 
of the parameter Ti-Tout (°C). The apartments are located on the roof floor of the building (apartments referred to be as 
"A", "B", "C", "D", "E" and "F"), according to the graphic presented in Figure 5. 
 
 
 
Fig. 5. (a) Percentiles Ti-Tout(ºC) - Winter; (b) Percentiles Ti-Tout(ºC) - Summer. 
 
For the winter season, the results presented in Figure 5 show a marked variation of the parameter Ti-Tout (°C) for the 
studied percentiles. Apartments "A" and "C" are, respectively, the warmest apartment and the coldest during the 
analysis period. For the apartments "A" and "C", the median shows a variation of 2.6ºC, a variation of 2.9ºC for the 
percentile 90, and a variation of 2.5 °C for the percentile 10. The results are consistent with the level of occupancy of 
the apartments. According to the graphics in Figure 4, the apartment "A" is the most occupied of the sample (5 pax.), 
and the apartment "C" the least one (only1 pax.). In summer season the apartments "A" and "F" are respectively, the 
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warmest apartment and the coldest for the analysis period. The median and the percentile 90 have, for the apartments 
"A" and "F", a variation of 2.9ºC, and the percentile 10, a variation of 4.3 °C. Like the results obtained for the winter 
season, in summer the results are consistent with the level of occupancy of the apartments. The warmest apartment is 
the most occupied of the sample (Apartment "A"), and the coldest apartment is one of the least occupied of the sample 
(Apartment "F"). 
 
5. Conclusions 
 
The experimental campaign that took place in “Bairro de Lordelo” produced a very wide range of measurement 
results, which allowed the study of the thermal comfort and the variability of the indoor air temperature, for a set of 
occupied apartments, during summer and winter season, in a free floating system. The study allowed the following 
conclusions: 
 
x In buildings without heating systems installed, the occupation seems to be the most important variable on the 
indoor air temperature variation. A set of apartments with the same geometry, similar location and solar orientation, 
but with different people occupation, can have an indoor air temperature variation that exceeds 4.0 
ºC, both in winter and in summer time. This variable reveals to be more important on thermal comfort analysis 
than the shape factor of the apartments, studied for a vertical and a horizontal alignment of the apartments.. The 
influence of the location of the apartments in a vertical alignment reveals very small differences, not exceeding 
1.0 ºC, and in a horizontal alignment shows differences close to 2.5ºC. 
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Ti 
Tout 
indoor air temperature (ºC) 
outdoor air temperature (ºC) 
U-value heat transfer coefficient (W/m2ºC) 
Toc indoor operative temperature (ºC) 
exponentially-weighted running mean of the outdoor temperature (ºC) 
